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Sanjay Garg
NASA Lewis Research Center
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Abstract

The notion of partitioning a centralized controller into a decentralized, hierarchical
structure suitable for integrated flight/propulsion control (IFPC) implementation is discussed. A
systematic procedure is developed for determining partitioned airframe and engine subsystem
controllers (subcontrollers), with the desired interconnection structure, that approximate the
closed-loop performance and robustness characteristics of a given centralized controller. The
procedure is demonstrated by application to IFPC design for a Short Take-Off and Vertical
Landing (STOVL) aircraft in the landing approach to hover transition flight phase.

Introduction

Large interconnected systems often exhibit a significant amount of coupling between the
various subsystems thus requiring an integrated approach to controller design. Short Take-Off
and Vertical Landing (STOVL) aircraft are examples of such systems. In conventional aircraft,
the propulsion system mainly provides control of the longitudinal axis through generation of axial
thrust. However, in STOVL aircraft the forces and moments generated by the propulsion system
provide the control and maneuvering capabilities for all axes of the aircraft at low speeds thus
creating the need for Integrated Flight/Propulsion Control (IFPC) system design.

One approach to integrated control design for large interconnected systems is to "partition”
the overall system into loosely coupled subsystems and then do a decentralized control design
considering one subsystem at a time. A survey of decentralized control design techniques can
be found in Ref. [1] and an example application of decentralized control design techniques to
IFPC design is available in Ref. [2]. Although the decentralized approach to integrated control
design is intuitively appealing in that it results in low-order, independently implementable
subsystem controllers (referred to as "subcontrollers”), it has the disadvantage that it does not

easily account for all the interactions between the various subsystems. The strengths and

weaknesses of a decentralized, hierarchical approach to IFPC design are further discussed in Ref.

[3].



Another approach to integrated control design is to design a centralized controller
considering the integrated plant with all its interconnections. An IFPC design based on a
centralized approach is discussed in Ref. [4]. Although such an approach yields an "optimal”
design since it accounts for all the subsystem interactions, it results in a high-order controller
which is difficult to implement and validate. Often the design, manufacture and testing of
different subsystems are performed by different companies which are accountable for individual
subsystem performance. For instance, in an aircraft design it is the responsibility of the engine
manufacturer to ensure that the propulsion system will provide the desired performance when
installed in the airframe. The subsystem validation is accomplished through extensive testing
with an independent subcontroller. The testing of and accountability for performance of each
subsystem can be a formidable task with a centralized controller since closed-loop performance
evaluation would require all the subsystems to be assembled without prior independent testing.
The strengths and weaknesses of a centralized approach to IFPC design are further discussed in
Ref. [5]).

An approach to integrated control design which combines the "best" aspects of the
centralized and decentralized approaches has been developed in Ref. [6]. This approach consists
of first designing a centralized controller considering the airframe and propulsion systems as one
integrated system, and then partitioning the centralized controller into decentralized subcontrollers
with a specified interconnection structure. By partitioning here is meant approximating the high-
order centralized controller with two or more lower order subcontrollers with a specified coupling
structure, such that the closed-loop performance and robustness characteristics of the centralized
controller are matched by the partitioned subcontrollers. The centralized control design accounts
for all the subsystem interactions at the initial design stage and provides a baseline for the "best"
achievable performance with a fully integrated system. The partitioning results in easy to
implement subcontrollers that allow for independent subsystem validation and also allow for the
system nonlinearities to be considered in detail at the subsystem level. A meaningful trade-off
between subcontroller complexity and achievable performance for the integrated system can be
performed by evaluating various controller partitionings of different levels of complexity against
the performance baseline established with the centralized controller.

The objectives of this paper are to describe a systematic stepwise procedure for
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determining partitioned subcontrollers that closely match the performance achieved with the
centralized controller and to demonstrate the procedure by application to a STOVL aircraft IFPC
design problem. In the following, the specific partitioning structure to be considered is first
described. The controller partitioning procedure is then presented followed by a discussion of
the STOVL aircraft IFPC design example.
Controller Partitioning Problem Description

The desired structure of the controller partitioning will depend on the coupling between
the various subsystems and on practical considerations related to integration of the independently
controlled subsystems. As pointed out in Ref. [2], the most suitable control structure for the
IFPC problem is hierarchical with the airframe (flight) controller generating commands for the
aerodynamic control surfaces as well as for the propulsion subsystem. This decentralized,

hierarchical control structure is shown in Fig. | where the subscripts and superscripts "a" and "e"

w.n

refer to airframe and propulsion system (engine) quantities, respectively, subscript "c refers to
commands, and the variables z are the controlled outputs of interest with e being the
corresponding errors. The intermediate variables z,, represent propulsion system quantities that

affect the airframe, for example propulsion system generated forces and moments.
The controller partitioning problem of Fig. | can be stated as follows:

Given; ~ A centralized controller K(s) s.t.

u(s) = K(s)|_ , where u _l,e=l_|,andy =|_ |, ()
(s) u, €. Ve

and a particular set of the interface variables z,,,

o

Find: Decentralized airframe and engine subcontrollers, K*(s) and K(s), respectively,
with
— - €.als)
u,(s) e,(s) N _
- = K%s) |- , and u(s) = K°(s)|e.(s) (2)
z,(s) Y(9) _
Y.(8)



So that; The closed-loop performance and robustness with the subcontrollers K%(s) and
K°(s) match those with the centralized controller K(s) to a desired accuracy.

Furthermore, the engine subcontroller K°(s) should have the structure of a
command tracking controller for the interface variables z., to allow for

independent check-out of the propulsion system.
In the above problem statement, the elements of Ea and z_ are mutually exclusive and
correspond to the traditional definition of airframe and engine variables. For example, z, would
consist of aircraft velocity, pitch and roll attitudes and rates etc. while z, would consist of engine

rotor speeds, pressure ratios etc. The elements of Ua and Ge are also mutually exclusive to allow
for independent control implementation and subsystem validation, i.e. the subcontrollers cannot
both have authority over the same control actuator. The partitioning of u into u, and u, is based
on control effectiveness evaluation in terms of capability to "directly" control z_ or z, and not
necessarily on physical control actuator location. For example, for aircraft equipped with thrust
vectoring nozzles, the thrust vectoring control will be part of u_ because thrust vectoring
"directly" affects aircraft velocity and angular position and rates. Although some engine controls

affect airframe outputs zZ_ upon integrating the subsystems, this effect is mainly through the

interface variables z_,. For example, an increase in fuel flow results in an increase in the thrust

generated by the engine which in turn results in an increase in the aircraft velocity. Therefore

such engine controls will be more appropriately included in u_. The elements of feedback

variables y, and y_ need not be mutually exclusive or correspond to the traditional definition of

airframe and engine outputs. For instance, sideslip and sideslip rate feedback could be used not
only in the airframe subcontroller for augmentation of the aircraft lateral/directional dynamics,
but also in the engine subcontroller to estimate inlet distortion due to large maneuvers and
provide active control of engine fan/compressor surge margin. It is worth noting, however, that

including an output inboth y, and y, might impose additional requirements on subsystem control

implementation and validation.



Procedure for Controller Partitioning

Let the controlled plant G(s) be of the form

R et 3
(s) = Gea(s) )
with
R
ay
a ) G,(9) G, )
|7 eemice =l
“
and

-Z-ea = Gca(s) E(S) ; Gra(s) = [G:a(s) G:a(s)]s

and the centralized controller K(s) be of the form

u, 3 K..(5) K. (5) 4
=K 1 K =
5 ($)], - (s) K_(s) K_(5) 4)

LE ¢}

where the partitioning of u is as in (1) and the columns of K(s) have been rearranged to reflect
grouping of the airframe and engine controller inputs. The subcontrollers K'(s) and K®(s)

obtained by application of the partitioning procedure to be presented in this paper are of the form

K%s) = [I K*(s)]K'(s) ; K*(5) = [K5(s) Ki(s)]



where I is an appropriately dimensioned identity matrix. The structure of the subcontrollers is
shown in Fig. 2. The steps in determining the four blocks, K'(s), K**(s), K,(s) and K(s) are
discussed next.

Step 1; Ki(s): Obtain a state-space representation of the K;(s) block of the engine subcontroller

as a reduced order approximation of the K.(s) block of the centralized controller. Any suitable
model/controller order reduction technique, such as the internally balanced realization approach

[7], can be used for this step. In order to reduce subcontroller complexity, it is important to keep
the order of K{(s) as low as possible while obtaining a good match with the input/output
characteristics of the corresponding centralized controller block K_.(s).

Step 2: Design Specifications for KS (s): Analyze the response of the interface variables Zea to

airframe controlled variable commands z, with the centralized controller to determine the
bandwidth requirements on the engine subsystem for tracking the interface variable commandsz,,

generated by the partitioned airframe subcontroller. Here, bandwidth «_ is defined as the
frequency at which the magnitude of the closed-loop frequency response from a commanded

i
an . . .

variable to the corresponding response, — () for example, is -3 dB. One way to determine
Zea,

these requirements is to study the closed-loop frequency response Tr‘(jw) from all the airframe

commands to each individual element zia of the interface variables with the centralized controller.
A suitable minimum requirement on the tracking bandwidth W, for the engine subsystem, in

order to match the performance with the centralized controller, is that w, be such that
ea . . . .
o[T, '(jw)] < | for w > We, - Heuristically, this argument implies that the demand for response

in interface variable zia required to track the airframe commands z_ will "roll-off" prior to loss
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in the capability of the engine subcontroller to track the corresponding command z;d

Note that in general there will be other limits on the minimum required tracking bandwidth
for the interface variables imposed by subsystem specific performance requirements such as
disturbance rejection, performance robustness to low frequency model variations etc.
Furthermore, control actuation limits and requirement of robustness to high frequency modelling
errors will impose limits on the maximum achievable tracking bandwidth for the engine

subsystem. It is important to consider all these requirements in generating the design
specifications for K (s).

As an aside, it is worthwhile here to note the difference between the above procedure for
generating design specifications for the engine subcontroller and the "subsystem specification”
generation procedure of the decentralized approach to IFPC design as discussed in Ref, [2]. The
above procedure generates specifications on the nominal command tracking response that should
be achieved by the engine subsystem for the integrated system closed-loop performance with the
decentralized controllers to be comparable to that with the centralized controller. The procedure
of Ref. [2] assumes some nominal achievable tracking response capability with the engine
subsystem and uses the "mission level" control design to generate bounds around the assumed

nominal such that the integrated system closed-loop stability is guaranteed.

Step 3; Design of K..(s): Design K¢, (s) to meet the z,, tracking specificétions, derived in Step

2. Another requirement that might be placed on the engine subcontroller K°(s) is to provide

decoupling between z_ and z_ responses. Since the centralized control design objective is to
provide decoupled command tracking of z, and z_, and since the interface variables affect the

airframe controlled outputs, z, the K.(s) block of a properly designed centralized controller,

hence K_(s) block of K°(s), will be such that the engine subsystem closed-loop EM response toEcA

is "small". Designing K, (s) to provide decoupled command tracking of z,, without "excessive"

disturbance in z_ will then result in an overall K°(s) which provides decoupled command tracking



of z, and z,. Any control synthesis technique that allows for formulating a mixed command

tracking and regulation control problem can be used for the design of K¢, (s).

Step 4; K'(s): With the engine subsystem loop closed using the centralized controller, as shown

Ya

ea

e, u,
in Fig. 3, obtain a state-space representation for K" (s) as a reduced-order approximation of ﬂt{_ } - {_ ]

response with the centralized controller. An expression for this response can be obtained using
algebraic manipulation of the various sub-blocks of the centralized controller and the engine
subsystem given in equations (4) and (3) respectively. Also, with modern control design software

tools which allow graphical block diagram manipulation, for example see Ref. [8], a state-space

Eﬂ Ga
representation of the {_ :l - [_ :'response can be obtained directly from a block diagram of the
ya an

type shown in Fig. 3.

Step 5; K*/(s): Design K"*'(s) to be a lead filter to compensate for the limited z_, tracking

bandwidth of the engine subsystem. Note that K’(s), as obtained in Step 4, generates z_, , the

desired response in the interface variables to airframe controlled variable commands such that

the integrated system achieves the specified tracking and decoupling response. If z_, were used
directly as commands for the interface variables, 'z'“t, then the actual z_ response with the

partitioned subcontrollers would lag the desired response z_ due to the limited tracking

bandwidth of the engine subsystem thus resulting in deterioration in integrated system

performance. In general, there will be a design trade-off based on practical considerations

between the amount of lead compensation in K*'(s) and the z_, tracking bandwidth of the engine

subsystem. High lead compensation is undesirable as it can result in saturation of the engine

actuators due to command magnification, whereas low lead compensation will require largez_,



tracking bandwidth. Since the K_,(s) portion of the engine controller provides decoupled tracking

of z_, K**(s) can be simply be of the form

| .
K *(s) =diag[s+a‘ *}, a<b, (5)

a, s+b,

with a, and b; chosen based on the amount of lead desired in z:a.
Using plant information, the decentralized subcontrollers as obtained above can be

"assembled" into an equivalent centralized controller K(s) having the same input/output form as

the centralized controller K(s) of equation (4), with

K, () O
K@s) = | _ (6)
K_(s) K_(s)
Ro(5) K,(5)
The 2 portion of K (s) approximates the portion of K(s) via the combined effect
ca(s) €4

of K'(s), K**(s) and K{(s), and K_(s) (=K (s) of Step 1) approximates K.(s). For most
aircraft, even STOVL configurations, the coupling from airframe control inputs to engine outputs,
i.e. G, (s) and G.,(s) in (3), is "small". Furthermore, the coupling in this direction is generally

an undesirable disturbance on the engine dynamics rather than an effective input for control of
engine outputs. For such systems, a properly designed centralized controller will be such that

the K. (s) block is "small". So, although the partitioning structure of Fig. I does not include an
equivalent f{*(s) block, the centralized controller closed-loop performance can still be matched

with the partitioned subcontrollers. However, controller partitioning for systems which have
strong coupling from airframe control inputs to engine outputs will necessitate considering

appropriate modifications to the partitioned control structure.



Controller Partitioning Example

The controller partitioning procedure discussed above was applied to the centralized IFPC
design for a STOVL aircraft in the decelerating transition during approach to hover landing flight
phase. A schematic diagram of the aircraft is shown in Fig. 4. The aircraft is powered by a two-
spool turbofan engine and is equipped with the following control effectors: left and right elevons
used collectively as elevator and differentially as ailerons; rudder; ejectors to provide propulsive
lift at low speeds and hover; a 2D-CD (two dimensional convergent-divergent) vectoring aft
nozzle; a vectoring ventral nozzle for pitch control and lift augmentation during transition; and
jet reaction control systems (RCS) for pitch, roll and yaw control during transition and hover.
Engine compressor bleed flow (WB3) is used for the RCS thrusters and the mixed engine flow
is used as the primary ejector flow. The aircraft and engine model and the design of the
centralized controller for a linear integrated design model are discussed in detail in Refs. [8, 9].
The centralized controller was partitioned into decoupled lateral and longitudinal-plus-engine
subcontrollers as discussed in Ref. [9]. In the following, the vehicle model is first summarized,
and the partitioning of the longitudinal-plus-engine controller into separate longitudinal and
engine subcontrollers with the decentralized, hierarchical control structure is then discussed in
detail.

The linear integrated aircraft longitudinal dynamics and engine dynamics small perturbation
model is of the form

X = Ax + Bu (7)
where the state vector is
X = [N2,N25,Tmhpc,Tmpc,Tmhpt, Tmipt,u,w,q,0,h]"

with

N2 = Engine Fan Speed, rpm

N25 = High Pressure Compressor Speed, rpm

Tmhpc = High Press. Compressor Metal Temp., °R

Tmpc = Burner Metal Temp., °R

Tmhpt = High Pressure Turbine Metal Temp., °R

Tmlpt = Low Pressure Turbine Metal Temp., °R.
= Axial Velocity, ft/s
= Vertical Velocity, ft/s
= Pitch Rate, rad/s
= Pitch Attitude, rad
= Altitude, ft

T o0 g €
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The control inputs partitioned into airframe and engine control inputs are
u, = [9¢,AQR,ANG79,ANG8]"
u_ = [WF,A8,ETA,A78]"

with
Oe = Elevator Deflection, deg
AQR = Pitch RCS Area, in’
ANG79 = Ventral Nozzle Vectoring Angle, deg
ANGS8 = Aft Nozzle Vectoring Angle, deg
WF = Fuel Flow Rate, Ilbvhr
A8 = Aft Nozzle Area, in
ETA = Ejector Butterfly Angle, deg
A78 = Ventral Nozzle Area, in’

The controlled outputs for the airframe and engine systems are
z, = [VvQvyl" 5 z, = N2

where Vv=V+0.1V, Qv=q+0.36 with
\% = True Airspeed, ft/s

\Y% - Acceleration Along Flight Path, ft/s®
Y = Flight Path Angle, deg

and the other outputs as discussed under state description with units of q and 6 in degrees. As
discussed in Ref. [8], the above choice of z_corresponds to providing the pilot with an
acceleration command velocity hold system in the forward axis, pitch rate command attitude hold
system in the pitch axis and direct command of the flight path angle for vertical axis control.
The choice of z_ allows for setting the engine operating point independent of the aircraft
maneuver.

The inputs to the airframe and the engine controllers are the tracking errorse, and e,

corresponding to z, and z_ respectively, and the measurement feedbacks

y, = [V.V,0ql" ; ¥y, = [N2,WB3]"

where WB3 is the compressor bleed flow demanded by the RCS control. Since the compressor
bleed flow is always positive, it is given by WB3=K,JAQR|.
The interface from the propulsion system model to the airframe model is defined by the

gross thrust from the three engine nozzle systems, i.e.

I



z,, = [FG9,FGEFGV]

where
FG9 = Aft Nozzle Gross Thrust, Ibf
FGE = Ejector Gross Thrust, Ibf
FGV = Ventral Nozzle Gross Thrust, 1bf.

Extensive evaluation of the 10th order longitudinal-plus-engine centralized controller [9]
indicated that the controller provides decoupled command tracking of the airframe and engine
controlled outputs up to the desired bandwidths within actuator constraints, and also meets
stability robustness requirements. The plant system matrix is listed in the Appendix. Prior to
applying the partitioning procedure, the interface variables and the inputs and outputs of the
longitudinal-plus-engine controller were normalized by appropriate scaling factors which are also
listed in the Appendix. All of the discussion in the following steps is with reference to the

normalized systems.

Step 1; Ki(s): Using internally balanced realization model reduction techniques, K: (s) was
obtained as a 4th order approximation of the corresponding K_(s) portion of the longitudinal-
plus-engine subcontroller. The maximum and minimum singular values of K_.(s) and K;(s) are
compared in Fig. 5 and indicate a good match between the two controller transfer matrices.

Step 2; Design Specifications for K (s): The singular values of the frequency responses from

all the airframe commands to each of the gross thrusts, FG9, FGE and FGV, for the longitudinal-
plus-engine controller are shown in Fig. 6. Note that the demand in ejector thrust is more severe
than the demand in aft and ventral nozzle thrusts for tracking the airframe commands because

of the need for propulsive lift. The demand for all the thrusts rolls off near 1 rad/s and is
sufficiently small (< 0.4) for frequencies above 4.5 rad/s. Thus, for the design of K¢,, a tracking

bandwidth specification of 4.5 rad/s for each of the three gross thrusts would be adequate to
avoid any significant deterioration in the tracking of the airframe commands with the partitioned
subcontrollers. This tracking bandwidth specification is also adequate for rejection of the
disturbance due to RCS bleed flow demand and provides robustness to variations in engine

dynamics over the transition flight envelope as well as to high frequency modelling uncertainties.
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Step 3; Design of K.,(s): Using a mixed sensitivity H., control synthesis formulation [10] with

the 6th order engine subsystem as the design plant, a controller was designed for decoupled
tracking of the three thrust commands and fan speed regulation. The sensitivity weights and the
complementary sensitivity weights for each of the three thrusts were chosen to reflect the tracking
bandwidth requirement of 4.5 rad/s and incorporate robustness to high-frequency unmodelled
dynamics. These weights were all chosen to be first order to simplify the control synthesis. The
fan speed regulation criterion was reflected in the control synthesis by penalizing the N2 response
to thrust commands with a constant weighting. First-order approximations for the 4 engine
actuators were also included in the H, control design plant to reflect control actuation limits in
the control design by weighting control and control rates. The resulting 16th order controller

with the three thrust tracking errors as inputs was reduced to 3rd order using internally balanced
realization. This 3rd order K(,(s) basically consists of three integrators indicating that a
proportional plus integral (PI) controller could be designed to adequately meet the design

requirements for K., (s).

The partitioned engine controller obtained by combining K.(s) and K., (s) provides

decoupled tracking of the FG9, FGE, FGV and N2 commands for the engine subsystem. An
example closed-loop response of the engine subsystem to a step command of 1000 Ibf in FGE
is shown in Fig. 7. The nominal (trim) value for the three thrusts and the fan speed are 2400 1bf,
4300 1bf, 6500 Ibf, and 7700 rpm, respectively. The plots shown in Fig. 7 indicate steady-state
tracking of FGE_ with fast time response and very small disturbances from the nominal values

in the FG9, FGV and N2 responses.

Step 4; Kags): Using internally balanced realization based model reduction, K“(s) was obtained

as a 9th order approximation of the 16th order response of the longitudinal-plus-engine controller
with the engine subsystem loop closed, as shown in Fig. 3. The maximum and minimum

singular values for the 16th order and 9th order frequency responses are shown in Fig. 8.

Step 5; K"™(s): The lead compensation for each of the gross thrust commands was chosen to

be



K}eai(s) - s+4.5 12
! 45 s+12

resulting in an effective bandwidth of 12 rad/s for each of the z:a&_—'zia responses.
The system matrices for the partitioned subcontroller components
K. (s), K_(s), and K °(s) are listed in the Appendix. Comparisons were performed between the

closed-loop responses with the centralized (longitudinal-plus-engine) and the partitioned
subcontrollers. An example comparison for step flight path command (y,) is shown in Fig. 9.
The trim values for V, 0, y, and N2 are 135 ft/s, 7 deg, -3 deg and 7700 rpm, respectively. So
the plots in Fig. 9(a) indicate that the partitioned controllers maintain the flight path tracking and
decoupling of velocity, pitch attitude and fan speed achieved by the centralized controller.
Although there is increased coupling in the pitch response with the partitioned controllers, the
pitch disturbance from the nominal is still quite small considering the "large” flight path
command. The thrust responses shown in Fig. 9(b) indicate the similarity in the thrust

requirements for tracking the flight path angle command with the centralized and partitioned
controllers, and also demonstrate the effect of lead compensation (ch"’ld (s)) in the airframe

controller. The control (u) requirements with the partitioned controllers were also quite similar
to those with the centralized controller for step commands in all the controlled variables.

The results presented so far have focused on comparing the performance achieved with
the optimized subcontrollers with that achieved with the centralized controller. Robustness issues
are also of importance in practical control design. Robustness analysis was performed using
structured singular values for gain and phase variations occurring at the controlled outputs and
the results are shown in Fig. 10 for the centralized and partitioned controller closed-loop systems.
The nrocedure for creating the interconnection matrix to perform gain and phase margin
robustness analysis using structured singular values is documented in Ref. [11] and other
references therein. From Fig. 10, the stability margin parameter, p, corresponding to the
maximum value over frequency of the structured singular value, is 1.28 with the centralized
controller and 1.39 with the partitioned controller. These values of p translate into guaranteed

multivariable gain margins of -5.0 dB to 13.2 dB and -4.7 dB to 11.1 dB for the closed-loop
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system with the centralized and partitioned controllers, respectively, and similarly guaranteed
multivariable phase margins of +45.9 deg and +42.2 deg, respectively, for simultaneous gain or
phase variations occurring in all the loops at the controlled outputs. These results demonstrate
that the robustness characteristics of the centralized controller are maintained by the partitioned
controllers obtained by application of the stepwise controller partitioning procedure.
Conclusions

A systematic stepwise procedure was presented for partitioning a centralized Integrated
Flight Propulsion Control (IFPC) law into decentralized airframe and engine subsystem
controllers (subcontrollers) which are coupled through a hierarchical structure. The procedure
emphasizes matching the closed-loop performance and robustness characteristics of the
centralized controller with the partitioned subcontrollers. The controller partitioning is motivated
by implementation issues where it is desirable to perform independent performance validation of
each subsystem while guaranteeing that the desired vehicle performance will be achieved on
subsystem integration. The steps in the procedure were described and demonstrated through
application to IFPC design for a Short Take-Off and Vertical Landing aircraft in the landing
approach to hover transition flight phase. For the example application, the controller partitioning
procedure resulted in highly structured low order airframe and engine subcontrollers that maintain
the command tracking and decoupling performance achieved by the centralized controller. The
partitioned subcontrollers were also shown to have multivariable stability margins similar to the

centralized controller for gain and phase variations reflected at the controlled outputs.
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Appendix
Numerical Data
The system (plant and controller) state-space matrices are listed in the following in the
standard form :

The plant system matrix, S, with the outputs y = [V,V,8,q,v,N2 FG9,FGE,FGV]" is

=552 375 535¢-01 193¢-01 326c-01 -2.34e-01 -7.55¢-01 -1.33¢-0! 0 -1.30¢-03
5.13¢-01 -3.85 807¢-01 283¢-01 -8.1[e-02 [03¢-02 449¢-03 7.90c-04 0 7.76¢-06
15402 799¢-03 -23Be-01 5.27e-04 337¢-04 600c-04 391e-03 6.88e-04 0 6.76e-06
134¢03 -552¢-03 1.29¢-02 -838:-02 [23e-04 [44e-04 -1.44e-03 -253¢-04 0 -2.48¢-06
157¢-03 -351e-02 247¢-02 829e-03 -18le-01 4.2le-04 -593¢-03 -1.04c-03 0 -1.02¢-05

296c-03 -1.43¢-02 B8.40e-03 2.36c-03 5.85¢-03 -835¢-02 -1.23c-03 -2.16¢-04 0 -2.12¢-06
1.87¢-03  5.15¢-04 544¢-05 -433¢-05 224¢-05 1.48¢-04 -579¢-02 720e-02 -2.28e+01 -3.19¢+0]
-$.48¢-03 -1.41e-03 -8.43¢-05 121¢-04 -4.66e-05 -3.46e-04 -142¢-01 ~-4.04¢-01 1.30e+02 -3.92

205¢-04 528e-05 3.77¢-06 -430c-06 2.09¢-06 135¢-05 -122¢-02 [.8%¢-02 -548¢-01 [54e-07

0 0 0 0 0 0 0 0 1.0 0
S,, = 0 0 0 0 0 0 122¢-01  -9.92¢-01 0 1.35¢+02
-3.96¢-06 -1.02¢-06 0 0 0 -2.49¢-07 9.85¢-01 1.73e-01 0 15303
B97c-04 263c-04 390c-05 -2.16e-05 139¢-05 854¢-05 -B.16¢-02 9.42e-04 737¢-05 -3.2le+01
0 0 0 0 0 0 0 0 0 5.73¢+01
0 0 0 0 0 0 0 0 5.73¢+01 0
0 0 0 0 0 0 735¢-02 -4.18¢-01 0 5.73¢+0]
10 0 0 0 0 0 0 0 0 0
6.66¢-01 1.7ie-01 1.00e-02 -153¢-02 5.13¢-03 4.16¢-02 298¢~01 524¢-02 0 5.14¢-04
{33 346c-01 242e-02 -2.88e-02 129¢-02 8.79¢-02 597¢-01 1.05¢-01 0 1.03¢-03
194  500c-01 291e-02 -439¢-02 159e-02 [22¢-01 8.69¢-01 153e-0l 0 1.50¢-03
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132¢-01 | 0 0 J276e-01 -7.07¢02 336e-01 256e+01 4.77c+01  2.43¢+0l
56202 | O 0 -1.33¢-01 -448¢-02 7.13e-01  -302 -6.18 -2.87
5.03¢-04 | O 0 “1.17¢-04 -2.93¢-05 126¢-03 =-7.38¢-02 -1.40c-01 -7.00c-02
82004 | O 0 -576c-04 -164c-04 646c-03 -194e-02 -3.97¢-02 -1.B4c-02
299%-03 | 0O 0 -1.73e-03 -532¢-04 220e-02 -5.45¢-02 -1.13¢-01 -5.19¢-02
925¢04 | O 0 154e-04 2.05¢-05 7.09¢-03 -4.91e-02 -9.46¢-02 -4.66¢c-02
6.05¢-06 | -3.18¢-02 -152¢-01 -1.95¢-01 -523e-04 (56¢-04 327¢-02 -10le-0l -2.8ic-03
636c-04 | -2.13¢-01 -352¢-01 -7.73¢-02 -8.72¢-02 -3.60e-04 528e-02 -1.45¢-01 1.17¢-02
122¢-05 | -234e-02 256e-0L =-168e02 -2.15¢-02 137¢-05 -125¢-03 3.08¢-02 -3.71e-03
o | 0 0 0 0 0 0 0 0
-100c-04 | O -4.05¢-06 0 0 0 -6.26¢-07 5.43e-06 -593¢-07
_______ l o~ ———————— - ——— > o ——— -
169¢-07 | O -287¢04 805¢-05 -295¢-07 -262¢-07 387e-05 7.04¢-05 -1.26¢-05
1.166-04 | -3.41e-02 -2.11e-01 -2.06e-01 -156e-02 9.08¢-05 4.14¢-02 -125¢-01 -7.31e-04
o |1 0 0 0 0 0 0 0 0
o | 0 0 0 0 0 0 0 0
-167¢-06 | O -8.24c-06 1.89¢-06 0 0 6.72¢-07 3.69¢c-06 -5.18¢-07
o | o 0 0 0 0 0 0 0
-345¢-02 | O 0 171e-01 505e-02 4.39e-02 230e+0l -L.18¢+01  —6.16
485¢-02 | O 0 3.44c-01  1.02¢-01 0.06c-02 -13le+0l 1.14e+02 -1.24e+01
-829¢-02 | O 0 494¢-01  145¢-01 128e-01 -1.90e+0l -3.45¢+01  6.20

The bleed flow is given by WB3=4.41 |AQR|.

The centralized controller system matrix, Sy, with the inputs and outputs ordered as
defined in equation (4), is

r

~350¢-03 -320¢-03 -7.59¢-03 -1.00c-03 -5.33¢-03 -6.00c-04 3.97¢-04
6.82¢-04 -5.60e-03 -2.92e-02 -3.76e-03 -191e-02 -2.14e-03 1.44¢-03
631c-03  144c-02 -157¢-01 -3.34e-02 -2.35¢-01 -2.62¢-02 1.71e-02
824e-04 2.07¢-03 -1.85¢-02 -6.66¢-03 -7.06c-02 -8.82¢-03 3.40c-03
-220e-03 -729%-03 9.21e-02 4.66¢-02 -113  -157¢-01 1.80e-0l
-225¢-04 -75le-04 951e-03 494¢-03 -1.21e-01 -2.43¢-02 1.10c-02
291e-06 ~150c-03 B8.28¢-03 165¢-03 -1.46e-01 -2.02¢-02 -221e-0l
-1.18¢-03 -9.49¢-03 953¢-02 3.9lc-02 8.73¢-02 653¢-03 5.19

57le-04 3.87e-04 -1.56¢-02 -B.74¢-03 1.95¢-0] 2.65¢-02 2.13¢-01
SK = {_1.19¢-04 8.87¢-04 -958c-03 -4.65¢-04 -2.74¢-0l -3.84e-01 -1.16e-0l
-1.34¢-01 -1.19¢-01 -1.12¢-01 -5.12¢-02 -1.10e-01 -127e-01 9.90e-02
-1.37¢-03 [91e-03 -227e-04 -3.66¢03 140e-03 1.03e-03 -1.8%e-02
-460e-02 4.95¢-02 [58e-01 -527¢-01 436e-02 2.73e-02 -1.24e-0i
-2.04¢-0! -151e-01 -197¢-01 -2.B6e-01 -L18c-01 -1.76e-01 2.66¢-0l
-2.10e+01 937  -2.20e+01 -194 -1.60e+01 -1.75 .26

5.54¢-01 2.04¢-01 364¢-0l 688¢-0! 3.4le-01 4063¢-01 357¢-0!
-194e-0] -1.76e-02 -9.48¢-01 -3.6le-01 -6.99¢-02 -5.49¢-02 -4.42e-0l
| 9.6le-01  3.83¢-01 080c-0l 6.36e-01 6.10c-01 1.05 1.16
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1 64¢+01 8.13 ~-1.03¢+01 -3.46¢-03
-3.73 827 2.35 -1.18e-02

-156¢+01 ~154c+01 4.81le-01 -353¢-01

536¢-02 897e-03 521e-03 -8.66¢-01 -2.49 1.64 -1.33e-01
1.90 3.35¢-01  1.03e-0! -4.95¢-01 8.93 -127 -2.44

449¢-03  797e-04 2.44c-04 |
i
i
i
|
2.73¢-01  4.44¢-02 4.48¢-02 | -7.66e-02 9.87¢-01 -787¢-01 -2.69¢-0l
|
|
|
|

[61e-02 2.86e-03 B.63e-04
[.92¢-01 3.42¢-02 1.04e-02

-649  -470e-01 325¢-01 | -222¢-01 116  5.77e-01 -1.85¢-Ol
-1.40e+01  ~6.45 -231 53701 909  -927e-01 2.7
435 -134 -1.14 -356e-01  -1.11 205 -290¢-02
412 1.51 -390 -2.46e-01 -529¢-01  -153  -4.83¢-0l
________________________ I_..'.-..-__ - Y Y W ——
~127e-01 42802 -199¢-02 | 757-04 -6.80e-03 -5.96e-02 -1.93¢-02
282¢-02 -24fc-03 102¢-02 | -102¢-04 461c-04 37%¢-03 124c-03
-205¢-01 -351e-01 -1.13e-01 | -1.84¢-03 124e-03 108¢-02 3.80e-03
-145¢-01 -324e-01 632¢-01 | 2.04¢-04 1.12¢-03 149¢-02 465¢-03
135¢+01 241  599%-01 | 128 776 2.13e+01 741
-299¢-01 -153¢-02 -371e-0l | 1.09e-03 19le-02 102e-01 3.40¢-02
427¢-0l -144e-01 425¢-01 | -138¢-03 747¢-03 5.73¢-02 188e-02
SLIL 481e-02  -255 | -2.16¢-03 371e-02 292¢-01 952¢-02

q

-424¢-03 858:-03 1.11e-02 1.73¢-03 -529¢-01 637¢-04 2.91c-03
-152¢-02 3.06e-02 3.95¢-02 6.78¢-03 -5.02¢-01 224¢-03 1.02¢-02
-456e-01 9.10e-01 1.18 2.0fe-01  9.79¢-02 1.05¢-02 9.17e-02
-172¢-01 3.4d4c-01 4.44¢0] 75%-02 2.19¢e-02 1.04c-03 2.26e-02

-3.16 6.30 8.15 139 . -23le-0l -373¢-02 4.72-01
-348¢-01 6.93¢-01 89701 1.53¢-01 1.14 -4.72¢-03  6.46¢-02
-2.36e-01 4.76e-01 6.16e-01 1.05¢-01 594e-02 1.45¢-01 -9.45¢-0i

281 -559 -723 -1.23 5.78¢-02 9.97¢-02 -1.26
-3.85¢-02 7.46¢-02 957¢-02 1.64¢-02 -2.03¢-02 -130e-0f 6.55¢-01
~6.25¢-01 125 161 2.75¢-01  4.37e-02 -120e-01 -1.90e-0l

-252¢-02 498¢-02 6.48¢-02 1.10e-02 121e-03 121le-02 —684¢-02
161e-03 -321e-03 -4.16¢-03 -7.08¢-04 -7.86¢-05 -9.37¢-04 4.11e-03
4.43e-03 -9.79¢-03 -122¢-02 -2.16c-03 -4.83¢-04 -526¢-03 -3.47¢-03
6.02¢-03 -1.20e-02 -156¢-02 -2.65¢-03 -36le-04 -2.52¢-03 1.90e-03
953 -191e+0l -2.47¢+01 -422 1.24 -342 4.40c+01
455¢-02 -8.78¢-02 -1.16e-01 -194e-02 3.50e-05 -327¢-02 5.3Je-0l
2.39¢-02 -486¢-02 -628e-02 -107e-02 -9.8{e-04 -2.10e-02 1.06e-01
1.33¢-01 -246¢-01 -3.19¢-01 -543¢-02 -4.62¢-03 -987¢-02 B8.44e-0] |
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Prior to applying the controller partitioning procedure, the inputs and outputs of the
subcontrollers were normalized using the form u, = [diag{u,,}]™'-u where, for example, u, is

the vector of scaled variables corresponding to u. The numerical scaling values for the various
subcontroller inputs and outputs defined in equation (2) are listed in the following.

= [5.0, 0.7, 10.0, 10.0]"
u,_ = [1000, 20, 8, 45]
e, = [76, 63, 40T

ua nx

Y.... = [20, 6, 10, 6, 4]"
€., = [1000, 2000, 1000]
e, =200
Vemas = [200, 7T

The system matrices for the subcontrollers K ‘, K., and K obtained using the controller
partitioning procedure are listed in the following. These system matrices correspond to the
normalized inputs and outputs.

[725¢-03 34lc-04 188¢-03 330c-04 | -203 927-04 26004 |
36703 -1.45¢-02 -3.63c-01 -624e-02 | -5.12¢-01 -4.16e-02 -8.79¢-03
-6.45¢-03 -385¢-02 -130c-01 -3.11¢-01 | -9.00¢-01 —-152¢-01 —451e-02
683¢-03 526e-02 25901 293 | 956¢-01 -520e-01 -331e-01

I | —ommmmem mmmmmmmm mmm—eme
) -167  16lc-01 495¢-01 2.78¢-01 | 2.49¢-01 -6.83¢-01 3.08¢-0!
-350e-01 -324c-01 -4.99¢-01 -438¢-01 | 350c-04 -337e-01 1.86e-01
“737e-01 209 -0l 340e-01 607e-01 | -2.45¢-01 -5.24e-01 925¢-02
[-8.19¢-01 -3.00c-01 -4.75¢-01 -8.09¢-01 | -205¢-02 -4.39¢-01 131c-0l |
[_109¢-02 4.11c-05 -6.84¢-06 | 4.93¢-01 151 215
489¢-05 -1.07¢-02 76%-06 | ~-249  674e-01 8.46¢-02
~137¢-05 102¢-05 -1.07¢-02 | 4.54¢-01 1.85 -1.41
§ . = | T I - - - -
Ka 191  -684e-01 134¢-01 | 0 0 )
-1.48 -1.88  6.39%-01 | 0 0 0
-28]e-01 127 196 | 0 0 0
-1.09 1.04 -6 | 0 0 0 |
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7.66¢-04
-2.11e-03
1.10e-03
4.42¢-02
2.86e-0t
-1.28¢-01
-2.07e-01
1.28

1.24e-01
~1.58¢-01
4.66¢-01
|.58e-02
[.51e~01
-851e-02

[-3.55¢-03
-5.10¢-04
4.38e-04
6.93¢-03
~1.24¢-03
1.80¢-03
-2.78e-04
7.44e-04
-7.00¢-04

~-156
-1.27e-0}
-4.23e-01

~1.24
458¢-01

-1.36

-1.88¢-01

226
5.75¢~01
-3.96¢-02

-1.96
-1.82e-02
-9.62¢-02
-1.83¢ 01
f.12e-01
2.6%¢-03

2.69¢-03
-6.75¢-03
5.13¢-05
-9.66¢-03
9.39¢-03
-1.06e-02
8.01e-03
-6.94¢-03
4.67¢-03

-1.46¢-01
-5.75¢-01
553¢-01
8.73¢-03
1.33¢-01
1.73¢-01

9.31e-01
-1.22
£.23¢-01
~-1.61
.01
-1.17
8.42¢-01
-6.52¢-01
4.86¢-01

-857:-03
4.15¢-03
7.81e-04
7.07¢-04
2.92¢-03
2.65¢-03
3.81e-03

-1.26e-03
[.10e-03
-3.14¢-03
5.35¢-03
1 64¢-03
-3.03¢-03
-3.65¢-03
-4.12¢-03

-6.84¢-03
231e-02
~1.25¢-02
-1.60e-01
8.27¢-02
-1.18¢-01
6.69¢-02
-4.07¢-02
3.89¢-02

-492¢-03
1.35¢-02
921e-03
-2.20¢-01
-8.98¢-01
-2 56¢-01
9.03¢-01
6.20e-01
-3.8%-01

3.93¢-04
-8.95¢-03
437¢-03
4.45¢-02
2 0001
-2.59
3.54
-1.60
1.7

~-1.07¢-03
2.57e-03
-131e-02
-14le-02
-2.63¢-01
2.48
-6.22
.16
-955¢-01

-1.13¢-03
2.07e-03
-2.34¢-03
-6.07e¢-02
~4.05¢-01
2.43¢-01
-2.6Je-0l
-2.13
1.71

e T R M A ———— e et dm o Mpe WA e

-6.67¢-02
~3.10e-03

-5.33¢-01
1.55¢-01
6.19¢-0t
528¢-02

-3.65¢-01
5.19¢-0l
2.24e-01
5.64¢-01

-2.94¢-01

-4.77e-02
2.17e-02
4.33e-03
5.95¢-03
3.17-03
6.95¢-03
2.53¢-03

-1.54
-5.33¢-02
5.11e-01

-1.49
2.35¢-01

-1.24
-2.09¢-01

-1.74¢-03
9.57¢-04
-4.14¢-03
-1.17e-01
-7.24¢-01
~6.16e-01
8.28¢-01
5.46e-02
-1.67¢-02

~7.73¢-02
3.55¢-02
7.5%¢-03
9.29¢-03
5.96¢-03
1.18¢-02
4.90e-03
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-9.17¢-02
241e-02
-7.02¢-01
2.93¢-01
-1.01
-1.20e-01

~651e-04
3.69¢-04
-1.60c¢-03
-4.53¢-02
-2.81e-01
-2.39¢-01
3.22¢-01
2.06e-02
-5.91¢-03

-3.02¢-02
1.38e-02
2.66¢-03
3.6le-03
2.54¢-03
4.3%-03
1.76¢-03

6.63e-01

-9.43¢-01

-9.83¢-02
6.91e-01
1.72¢-01

-1.02
4.64¢-0t

2.18¢-03
-1.26¢-03
5.33¢-03
1.5te-01
9.33e-01
7.94c-01
-1.07
~7.05¢-02
2.15e-02

-4.58¢~02
-9.79¢-03
-1.20e-02
-7.70e-03
-153¢e-02
-6.31c-03

-491e-01
9.03e-01
-1.10
-7.15¢-01
-1.17¢-01
7.69¢-01
-2.00e-01

1.69¢-03
-9.68c-04
4.13¢-03
1.17e-01
7.24e-01
6.16¢-01
-8.29¢-01t
-5.46¢-02
1.65¢~02

7.78e-02
-357-02
-7.35¢-03
-9.33¢-03
-6.26¢-03
-1.17e-02
-4.6%¢-03

[.74e-01
-2.72¢-01
9.58e-02
-127¢-01
~155¢-01
-3.18e-01
-3.09¢-02

1.83¢-04 ]
-1.15¢-04
4,70e-04
1.33¢-02
8.25¢-02
7.02¢-02
-9 43¢-02
-6.24¢-03
1.91¢-03

8.81¢-03
-4.05e-03
-8.65¢-04
-1.06¢-03
-6.81¢-04
-1.35¢-03
-5.57¢-04
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Figure 2.—Detalled structurs of partitioned subcontrollers.
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Figure 3.—Control loop to determine K &(s) block of partitioned
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Figure 5.—Maximum and minimum singular values of the K ,4(s)
portion of the centralized controller - full order (10}, and reduced
order (4) approximation.
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Figure 4.—Control effectors for E-7D alrcraft.
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